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Abstract
Hafnium carbides are studied by a systematic search for possible stable stoichiometric compounds
in the Hf-C system at ambient pressure using variable-composition ab initio evolutionary algorithm
implemented in the USPEX code. In addition to well-known HfC, we predicted two additional
compounds Hf3C2 and Hf6C5. The structure of Hf6C5 with space group C2/m contains 11 atoms
in the primitive cell and this prediction revives the earlier proposal by A. I. Gusev. The stable
structure of Hf3C2 also has space group C2/m, and is more energetically favorable than the Immm,
P 3¯m1, P2 and C2221 structures put forward by A. I. Gusev. Dynamical and mechanical stability
of the newly predicted structures have been verified by calculations of their phonons and elastic
constants. The bulk and shear moduli of Hf3C2 are 195.8 GPa and 143.1 GPa, respectively, while
for Hf6C5 they are 227.9 GPa and 187.2 GPa, respectively. Their mechanical properties are inferior
to those of HfC due to the presence of structural vacancies. Chemical bonding, band structure,
and Bader charge are presented and discussed.
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I. INTRODUCTION
Hafnium carbides, known as ultra-high temperature ceramics, have attracted growing at-
tention because of their unique features. These include extremely high melting temperature
and hardness, high thermal and electrical conductivity, and chemical stability, and make
them promising advanced materials even in extreme thermal and chemical environments.1–3
Hafnium carbide is known to crystallize in the NaCl-type structure (space group Fm3¯m)
and to have the composition HfC. This is a relatively well-studied material. Its elastic
properties and phonon spectra have been studied experimentally4,5, and its structural, elas-
tic, electronic and phonon properties have been computed using first-principles methods6,7.
However, according to the results of theoretical calculation by A. I. Gusev8, ordered stoichio-
metric phases Hf3C2 and Hf6C5 should exist, with possible space groups Immm, P 3¯m1, P2
or C2221 for Hf3C2, and C2/m, P31 or C2 for Hf6C5. Experimental synthesis and structure
determination of these subtle ordered states encounters problems due to the lack of direct
methods. Gusev and Zyryanova9 studied the order-disorder transition of Hf-C system by
measuring the magnetic susceptiblity and confirmed the existence of Hf3C2 and the possible
existence of Hf6C5.
Here we explore the stable compounds in the Hf-C system and their crystal structures at
ambient pressure using the variable-composition ab initio evolutionary algorithm10,11, and
discuss their structures, elastic properties and chemical bonding. In Section 2, we describe
the computational methods that were used in this work. In Section 3, we present the results
- crystal structures, elastic properties and analysis of the electronic structure. Section 4
presents conclusions of this study.
II. COMPUTATIONAL METHODOLOGY
The prediction of stable compounds and their crystal structures was performed using evo-
lutionary algorithm implemented in USPEX12,13 code developed by Oganov’s group. This
approach features global optimization with real-space representation and flexible physically
motivated variation operators. For every candidate structure generated by USPEX, we
use first principles structural relaxation, based on density functional theory (DFT) within
the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)14, as imple-
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mented in the VASP code15. The all-electron projector-augmented wave (PAW) method16,
with the plane-wave kinetic energy cutoff of 900 eV and k-point meshes with reciprocal-space
resolution of 2pi× 0.07 A˚−1 were used. These settings enable excellent convergences of the
energy differences, stress tensors and structural parameters.
The calculations of phonon dispersion, elastic properties, band structure, density of
state were done using CASTEP code17 and utilizing the modification of the Perdew-Burke-
Ernzerhof GGA functional for solids (PBEsol)18. Norm-conserving scheme19 is used to gen-
erate pseudopotentials for Hf and C with the choices of electronic configuration of [Xe]6s25d2,
and [He]2s22p2, respectively. In these plane-wave calculations, the cutoff energy is 750 eV,
and k-point separation is 2pi× 0.05 A˚−1. Bader charge analysis20 was performed using Bader
Charge Analysis code21–23.
III. RESULTS AND DISCUSSIONS
A. Crystal structure prediction and structural properties
Variable-composition evolutionary algorithm10,11 used in this work is very effective in
simultaneously predicting stable compositions and their structures for multi-component sys-
tems. In our searches, we allowed all possible compositions in the Hf-C system with struc-
tures containing up to 30 atoms in the unit cell. The initial generation consisted of 50
structures, and all subsequent generations had 40 structures. 50% of new structures were
produced by heredity, 20% by softmutation, 10% by transmutation, 20% by random sym-
metric structure generator. Stable structures and their compositions were determined using
the convex hull construction: a compound is thermodynamically stable if the enthalpy of its
decomposition into any other compounds is positive.
We explored the possible stable crystal structures for Hf-C system at ambient pressure and
zero kelvin. In addition to rocksalt-type (B1) HfC (space group Fm3¯m), we found another
two compounds Hf3C2 and Hf6C5, both belonging to space group C2/m. The enthalpies of
formation of the predicted structures are shown in Fig. 1. It can be clearly seen that HfC,
Hf6C5 and Hf3C2 are thermodynamically stable compounds.
The crystal structures of Hf3C2 and Hf6C5 are shown in Fig. 2, and their crystallographic
data and enthalpies of formation are listed in Table I. For comparison, we also present
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FIG. 1. Convex hull of Hf-C system at ambient pressure. The circle presents different structure
and those structures locating on lines are thermodynamically stable.
computational results on HfC in Table I. Structure of Hf3C2 has space group of C2/m and
20 atoms in the conventional unit cell (Fig. 2b). Two more structures of Hf3C2 (Immm
and P 3¯m1) proposed by A. I. Gusev8 were also found during our searches. However, their
enthalpies are higher than that of C2/m, which is therefore more stable. Crystal structure
of Hf6C5 is shown in Fig. 2c. Its space group is also C2/m and its structure has 22 atoms
in the conventional unit cell, its structural parameters are presented in Table I, and agree
with the theoretical calculation of A. I. Gusev8.
All the stable hafnium carbides are strongly related structures and can be derived from
HfC structure with the highest symmetry. HfC has a structure of cubic-packing hafnium
atoms, and carbon atoms fill all octahedral voids(Fig. 2a), which is an ideal cubic rocksalt-
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FIG. 2. The crystal structures of (a) HfC with one unit cell, and (b) Hf3C2 (c) Hf6C5 with twice
unit cells. The space group of HfC, Hf3C2 and Hf6C5 is Fm3¯m,C2/m, C2/m, respectively.
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TABLE I. Crystallographic data and enthalpies of formation of Hf3C2 and Hf6C5, the data of HfC
is also presented as a comparison
Compound Space group Volume Lattice constants Atom position Enthalpy of formation
(No.) (A˚3/f.u.) (A˚) (Wyckoff position) (eV/atom)
Hf3C2 C2/m 75.91 a=5.720 Hf(4i) (0.737, 0.500, 0.744) -0.901
(12) b=9.893 Hf(8j) (0.248, 0.161, 0.264)
c=5.701 C(2a) (0.0, 0.0, 0.0)
C(2d) (0.0, 0.5, 0.5)
C(4h) (0.0, 0.834, 0.5)
Hf6C5 C2/m 153.14 a=5.729 Hf(4i) (0.739, 0.000, 0.260) -0.995
(12) b=9.900 Hf(8j) (0.241, 0.327, 0.746)
c=5.731 C(4g) (0.0, 0.333, 0.0)
C(2d) (0.0, 0.5, 0.5)
C(4h) (0.0, 0.832, 0.5)
HfC Fm3¯m 25.34 a=4.675 Hf(4a) (0.0, 0.00, 0.00) -1.027
(225) a=4.6377 C(4b) (0.5, 0.5, 0.5)
a=4.63924
type structure. The octahedra shown in Fig. 2b and c with green color are empty, i.e.
formed by six Hf atoms but without interstitial C atoms. In Hf3C2 structure, only 2/3 of
carbon octahedral voids are filled (and 1/3 are vacant), and in Hf6C5 5/6 are filled (and
1/6 are vacant). In both Hf3C2 and Hf6C5, the vacancies appear in every second octahedral
layer, with 1/3 of in-layer octahedra occupied (Hf3C2) or 2/3 of in-layer octahedra occupied
(Hf6C5). Ordering of the vacancies in both cases lowers the symmetry from cubic (Fm3¯m) to
monoclinic (C2/m). Moreover, due to the vacancies, the coordination number of Hf atoms
varies in different systems: 6 in HfC, 5 in Hf6C5, and 4 in Hf3C2, while in all these structures
carbon atoms invariably had the coordination number 6 (octahedral coordination). In this
way, Hf6C5 and Hf3C2 can be described as defective rocksalt-type structures.
It is instructive to look at molecular volumes (see Table I). The volumes per formula unit
(f.u.) of Hf3C2 (75.91 A˚
3/f.u.), Hf6C5 (153.14 A˚
3/f.u.) and HfC (25.536 A˚3/f.u.) correspond
to practically constant volume per Hf atom (25.3-25.5 A˚3 per Hf atom). Fig. 1 shows that
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FIG. 3. Phonon dispersion curves of (a) Hf3C2 (b) Hf6C5 at ambient pressure
the most prominent stable state is HfC. And Hf3C2 and especially Hf6C5 will be stable only
in a narrow range of chemical potentials in hafnium-rich conditions. This explains why HfC
is well known from experiment, while Hf3C2 and especially Hf6C5 are more elusive.
To verify the dynamical stability of the newly predicted Hf3C2 and Hf6C5, we computed
their phonon dispersions (Fig. 3). No imaginary phonon frequencies were found throughout
the Brillouin zone, suggesting dynamical stability of these phases.
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B. Elastic properties
The elastic constants of a material describe its response to an applied stress or, conversely,
the stress required to maintain a given deformation, and can be used to evaluate the elastic
properties. These properties are directly related to mechanical stability. The criteria of
mechanical stability of a monoclinic crystal are as follows25:
K2 = det |Cij| , i, j ≤ 5, K2 > 0, C44C66 − C246 > 0 (1)
The calculated elastic constants of Hf3C2 and Hf6C5 at the ground state are listed in
Table II. It is obvious that these criteria are satisfied, suggesting that Hf3C2 and Hf6C5 are
mechanically stable.
The bulk modulus characterizes the response of a material to volume change, B =
P/(∆V/V ). P is the applied pressure and ∆V is the volume change. The shear modu-
lus characterizes the response to shear deformation, G = τ/γ. τ is the shear stress and γ
is shear strain. The bulk modulus B and shear modulus G can be obtained from elastic
constants26, and their values for Hf3C2 and Hf6C5 are presented in Table II. For comparison,
the values of the elastic properties of HfC are also presented in Table II, and one can see
a good agreement with the values reported in literature. The bulk and shear moduli of
Hf3C2 and Hf6C5 are lower than those of HfC. The Pugh’s ratios
27 of GH/BH of the three
compounds are larger than 0.57, indicating brittleness of these compounds. According to
Eq. 228, the Vickers hardness of Hf3C2, Hf6C5, and HfC is 22.28, 30.91 and 32.95 GPa, re-
spectively - lowering of the hardness from HfC to Hf6C5 to Hf3C2 is an expected consequence
of vacancies.
HV = 2 ∗ (k2 ∗G)0.585 − 3 (2)
C. Chemical bonding
The band structures and DOS of these three compounds are shown in Fig. 4. All the
stable hafnium carbides are weak metals, as seen from finite but small DOS at the Fermi
level - 3.28, 2.41, and 0.312 electrons/eV for Hf3C2, Hf6C5 and HfC, respectively. Taking
into account the number of atoms in the primitive cells of Hf3C2, Hf6C5 and HfC, which
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TABLE II. Calculated elastic constants Cij , the bulk modulus, shear modulus and hardness (GPa)
of Hf3C2, Hf6C5 and HfC at the ground state, and some literature values of HfC
Compound Hf3C2 Hf6C5 HfC
This work Calc.29 Expt.30 Expt.4
C11 391 448 589 577 500
C22 418 471
C33 372 470
C44 126 181 192 171 180
C55 153 213
C66 143 199
C12 198 118 98 117
C13 102 117
C15 -9.7 -1.4
C23 91 96
C25 12 28
C35 -0.6 -21
C46 -7.2 26
BH 195.8 227.9 261.7 270 242
GH 143.1 187.2 212.2 230 195
ka 0.73 0.82 0.81
HV 22.28 30.91 32.95
a Pugh’s ratio: k = GH/BH
were used in the calculations of the band structure and DOS, we see that the DOS at the
Fermi level normalized per valence electron decreases as the number of vacancies decreases
- from Hf3C2 (0.082 states/eV) to Hf6C5 (0.054 states/eV) and to HfC (0.039 states/eV).
In all these three compounds there are pronounced pseudogaps at the Fermi level, and
bonding can be characterized as mixed metallic-covalent. Indeed, orbital-projected DOS
indicates strong hybridization of C-p and Hf-d valence states below the Fermi energy, i.e.
presence of significant covalency in all three compounds. Bader charge analysis show that
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FIG. 4. The band structure and density of states of (a) Hf3C2 (b) Hf6C5 (c) HfC
each Hf atom gives 1.734 electrons to each C atom in HfC. In case of Hf6C5, Hf atoms
contribute 1.521±0.013 electrons/atom, and C atoms get 1.826±0.019 electrons/atom. In
case of Hf3C2, Hf atoms contribute 1.267±0.026 electrons/atom, and C atoms get 1.90±0.044
electrons/atom. This, in agreement with the DOS, shows lower metallicity of HfC compared
that of Hf6C5 and Hf3C2. Thus, HfC could have the highest hardness and melting point
among these three compounds.
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IV. CONCLUSIONS
In this paper we explored the possible stable compounds and structures in the Hf-C
system at ambient pressure using variable-composition evolutionary algorithm. Besides the
well-known HfC (Fm3¯m), another two stoichiometric compounds (Hf3C2, C2/m and Hf6C5,
C2/m) are found. All three stable hafnium carbides have rocksalt-type structures: HfC
with ideal cubic structure without vacancies, and defective rocksalt-type phases Hf3C2 and
Hf6C5 with monoclinic symmetry (C2/m) due to ordering of carbon vacancies. Their elastic
constants and phonon dispersions are also calculated, which verify their mechanical and
dynamical stabilities. Their bulk modulus and shear modulus are lower than that of HfC
due to the presence of structural vacancies. We found that all three compounds are weak
metals, with increasing metallicity as the concentration of vacancies increases. We also found
significant covalency in all these weakly metallic compounds, while their hardness values fall
with increasing concentration of vacancies.
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